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ABSTRACT
The rapidly growing demand for UWB high data rates wireless communication technology 
and the increasing interest in small, wearable antennas are the main motivation for this 
Master Thesis.
This work reports on the process of design, development and fabrication of textile UWB 
antennas for wireless body area network (WBAN). The main objective is to design 
antennas which are able to be integrated within clothing, so that it will be a transparent 
(electronic) device to a human user. 
However, there exists various difficulties in designing UWB wearable antennas as 
compared to conventional narrowband antennas. This is especially  challenging when 
designing using conductive fabric as its main construction material. The various 
considerations such as dimensions of the antenna, radiation properties, frequency range 
and low power consumption make the design process more complicated.
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CHAPTER 1
INTRODUCTION
1.1 Background
Wireless devices are now becoming more popular within the domain of consumer 
electronics.  Users will be sharing music, photos, video, data and voice between them 
using such electronic devices. In this scenario, antennas are considered a vital component 
for this new trend, where application of wireless devices can avoid the use of physical 
connections between devices. 
Ultra-wide-band (UWB) is one of the most important technologies for wireless 
communication. It allows a high data throughput (between 110-220 Mbps) with low power 
consumption for short range communication, about 10 meters in distance. These features 
make UWB the most appropriate technology for home communication because of low 
power consumption, high speed data transfer for multimedia content and simple, short 
range connectivity for transfer to other devices.
Another important characteristic of UWB wearable antenna is low complexity and cost 
compared to the wired connectivity option.
Wearable antennas are interesting since they are able to be integrated into clothing 
without the interfering with the activities and movements of users. These antennas must 
be robust, flexible, with small size, low consume and comfortable to wear. Due to the 
characteristics of UWB technology, the UWB wearable antenna does not need to transmit 
a high-power signal, so it can have a longer battery life or smaller size. Textile materials 
are used to fabricate the antennas to enable the flexible behavior and the ability  to be 
easily integrated into clothing.
The materials which are used in this thesis to simulate and fabricate the antennas are: 
fleece for the substrate (with dielectric permittivity Ɛr =  1.26 and tangent delta electric δ = 
0.019 ) and ShieldIt conductive textile as the radiating element and ground plane (with 
electric conductivity    σ = 118000 S/m).
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1.2 Problem statement
In recent years, wearable electronic applications have been more popular, especially 
within the communication and consumer electronic industry. To have an optimum 
bandwidth and maximum gain we decide to use a UWB planar antenna. 
By using fabric as the only construction material allow every person can wear these 
antennas without the need to carry anything or annoying wires.
Exist several advantages to fabricate the UWB antenna using textile instead PCB material; 
due to the characteristics of the fabrics, which are wearable, durable and flexible, made 
the antenna suitable to be integrated into clothing [1]. The easier fabrication process 
makes the textile antenna is also advantageous. 
Biocompatibility is another challenge for any in-body device, as the implant itself and 
antenna have to be nontoxic and passive to body liquids. And textile antennas allow to 
achieve this objective in a much better way than the PCB antennas. 
1.3 Objective
This project aims to design, fabricate and analyze the UWB wearable antenna at 
frequency range between 3.1GHz and 10.6GHz using conductive textile materials.
1.4 Scope of Project
The scope of work for this project is as follow:
I. Design and simulation of textile UWB wearable antennas.
II. Analyzing the simulated results using CST Microwave Studio in terms of antenna 
properties such as reflection coefficient in UWB frequency range, radiation pattern, 
gain and directivity.
III. Fabrication and measurement of several selected designs, carrying out analysis 
and comparison of the measured and simulated results.
1.5 Organization of Thesis
This Master Thesis is divided into five chapters. Each chapter discusses different aspects 
of the project. 
Chapter 1 covers the introduction and overview of the project background, problem 
statement, objective, and scope of work of this project.
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Chapter 2 gives the general description and the overview of the wearable UWB antenna. 
Discussion includes the properties of UWB technology (frequency range, framework 
definition, power characteristics, etc). Discussion also evolves around UWB antennas 
(required dimensions, average gain, etc) and wearable antennas (reasons for their use, 
power low consumption, etc).
In chapter 3, the procedure to simulate and fabricate the different antenna designs is 
explained. In addition, the characteristics of the textile materials that we used are also 
given.
Chapter 4 presents the results of simulation and measurement of the prototypes. 
Parameters such as reflection coefficient, gain and radiation patterns are analyzed and 
discussed.
Finally, the summary of the work and the conclusions of the thesis are given in chapter 5. 
Future work and recommendations to improve the performance of our designed antenna 
are also proposed.
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CHAPTER 2
LITERATURE STUDY
This chapter gives the literature overview associated to the work, which is divided into 
three major parts, to enable proper understanding of the whole project. The advantages of 
UWB technology  for wearable antennas are explained in this chapter, and also a brief 
overview of its history and characteristics. 
2.1 UWB Technology
2.1.1 Introduction
A proposed solution to the increasing exhaustion of the electromagnetic spectrum, due to 
the abundance of radio applications, is to develop  a new technology  that promises 
spectrum re-use. The solution, which is capable of providing short-range wireless 
communications, is known as the Ultra-Wide-Band, or “Impulse Radio”. The technology 
tries to escape from the classical communication bandwidth, profiting from the concept of 
spread spectrum. UWB is able to reuse frequency bands allocated to other services and 
work with them without causing harmful interferences. 
The interest aroused by this technology promoted a process of revision of the regulations 
governing radio emissions, both in the United States of America and Europe, to enable 
UWB to operate legally. Based on recent developments of the rules in America, it is 
expected that UWB technology will enable the development of several applications of 
radar and short-range communications. Some possible applications for the future could be 
UWB radars for the cars to assist in parking maneuvers, UWB auto-focus devices for 
cameras, etc. UWB could become in the dominant technology for wireless multimedia 
communications at home.
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2.1.2 ¿What is UWB?
UWB is defined as any radio transmission which occupies a bandwidth greater than 20% 
of the center frequency or more than 1.5 GHz. Although this definition is not so accurate at 
the first glance, it is already useful to distinguish UWB technology of another traditional 
narrowband systems, as well as new wide-band cellular systems, also known as third 
generation cellular systems (3G).
Figure 2.1 Fractional Bandwidth.[2]
There exist two fundamental differences between UWB and the mentioned narrowband 
and broadband systems. The first and most obvious is that UWB systems use bandwidth 
that is much greater than the bandwidth used by any other existing cellular radio 
technology. The second one is that UWB technology transmits pulses instead of sinusoidal 
signals.  Traditional systems utilizes radio-frequency carrier (RF) to shift the signal in the 
frequency domain from baseband to the carrier frequency, where the system has license 
to operate. By contrast, in UWB systems the information is directly modulated in pulses, 
which are very short in time, generating a signal whose spectrum can take from few Hz to 
several GHz. Thus, UWB is baseband. 
Figure 2.2 Types of systems in terms of bandwidth.[2]
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It is using several types of modulation schemes in baseband with orthogonal and antipodal 
signals as PPM (Pulse-Position Modulation), PAM (Pulse Amplitude Modulation), OOK 
(On-Off Keying), Bi-Phase Modulation or BPSK or QPSK which transmit several bits per 
symbol. It is using different access techniques such as TH (Time-Hopping) or DS (Direct-
Sequence), both with micro pulses and multi-carrier system such as OFDM. Figure 2.3 
shows the typical modulation used in UWB.
Figure 2.3 UWB techniques.[2]
! ! ! ! ! ! ! ! ! ! !
However, the main difference of UWB with all previous technologies is that the UWB 
signals are designed to occupy frequency bands allocated to other services without 
causing interference. This is possible because UWB systems transmit signals with a very 
low power spread across a huge bandwidth. This then produces a power spectral density 
of few mW/MHz. These signal levels are comparable to noise levels that exist in other 
conventional communication systems. 
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The limited allowable power level to operate UWB technology makes it impractical for long 
range applications. This is not a setback, since UWB is originally designed for short-range 
communications, mainly to provide indoor service in offices, homes, airports, universities 
and etc. In these environments multi-path propagation is a significant problem due to the 
signal bouncing off various objects before reaching the receiver.
Another problem in indoor environments is that the transmitter and the receiver hardly 
have any direct line of sight and therefore the signal must pass through objects to reach its 
destination. UWB uses the lowest frequency possible, thus improving its ability  to 
penetrate materials that tend to be more opaque at high frequencies. This quality makes 
UWB suitable for other different purposes apart from communication; personal collision 
detection radar, imaging systems that can see trough the walls, accurate devices location, 
etc.
In short, it can be summarized that UWB is a technology with two fundamental qualities: 
high bandwidth and low power. These attributes enable this system to coexist with other 
telecommunication systems, reusing the spectrum; although only  limited in the short range 
communications.
The practical throughput of UWB is in the range of 110 to 220 Mbps, although up to 480 
Mbps can be achieved. It is one of the most interesting aspects of UWB, but the increase 
in transmission rate reduces the transmission range, due to power limitations.
The UWB systems must operate with a minimum reflection coefficient of -10 dB, within the 
frequency range of 3.1 GHz up to 10.6 GHz. The maximum allowable power spectral 
density is -42.3 dBm/MHz. The range of these systems is quite small, around 10 meters, 
due to the power limitation imposed by the FCC (Federal Communications Commission) 
on UWB specifications.
The standards on UWB technology are the IEEE 802.15.3a (high bit rate) and the IEE 
802.15.4a (low bit rate).
2.1.3 Applications
UWB technology was conceived to be used in military  applications, but in the 90ʼs several 
companies and institutions foreseen the enormous potential of this technology for the 
commercial applications, oriented to the wireless personal area network[2] (WPAN) market 
as well as to the wireless local area network (WLAN).
In military  applications, the two most important were the communication and the 
watchfulness of “dark” spaces, such as the soil, the subsoil and the forests. Indeed, UWB 
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devices can be used to measure distances with high precision and to capture high 
resolution images  of objects buried under ground or behind surfaces. These military 
applications about radar and location could also be easily extended to the corporate 
market, particularly in emergency services, security, health, safety or construction.
Due to the characteristics of UWB, there are high expectations about its use for low -
power, short range, high bandwidth, mobile devices  at very low costs; features that 
correspond to WPAN systems. The WPAN technology will then provide the means of 
access to third and fourth generation communication systems.
On the other hand, some analysts pointed out that an earlier development of the segment 
is  more skewed towards consumer electronics, aimed at the interconnection of media and 
devices in a residential area using wireless. In this context, UWB technology is considered 
a useful tool to improve the performance of cable TV decoders and satellite television, 
adding the ability to provide a broadband Internet access and distribute video and audio 
decoded signal to all television devices at home. In fact, UWB has already being used in 
the development of a USB (Universal Serial Bus) wireless system.
The next figure shows some examples of these applications in home.
  
Figure 2.4 Applications of UWB in homes.[2]
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2.1.4 Comparative
Among the wireless technologies that can be considered as competitors of UWB include 
Bluetooth and Wi-Fi.
In regard to transmission speed, UWB currently allows several Gbps, arriving in the near 
future to 480 Mbps according to 802.15.3a developerʼs estimate. This exceeds 802.11a 
and 802.11g of Wi-Fi standards by several orders of magnitude which is at 54 Mbps. In 
this aspect, Bluetooth also lacks behind as the speed range is less than 1Mbps.
The battery consumption of wireless terminals will be reduced drastically due to the levels 
of radiated power UWB systems, which are less than 0.5 mW. On the other hand, 
Bluetooth and Wi-Fiʼs consumption are in the order of tens or hundreds of miliWatts. 
Therefore, UWB devices provide better autonomy, which is always well received by users.
Another advantage of UWB is that it is intrinsically  secure, since it is necessary to know 
the transmission sequence of bits to listen the broadcasts. Besides the signal to noise ratio 
(SNR) is so slow that the transmissions are always mistaken for background noise. 
Transmissions can also be encrypted without any kind of limitation and can be limited to 
some specified distance. Also, no frequency tuning is necessary  for transmission, since 
there is no frequency carrier.
Apart from the obvious advantages over Wi-Fi and Bluetooth as mentioned above, UWB is 
also cost-efficient. Due to the simplicity of operation and low power consumption, the 
network interface card (NIC) of the systems of wireless local area network in UWB 
technology is reduced to an integrated circuit (CMOS) with a very small size. This results 
in integrated devices that will have no significant changes in their size, shape and weight. 
Developers foresee that the chip  will have a very competitive price tag when will be 
manufactured in mass production.
In principle, the only  major disadvantage of UWB is its smaller existing market share in 
comparison with Wi-Fi. Wi-Fi has already penetrated in the business and residential 
market, becoming more far reaching in their integration into DSL routers, game consoles, 
stereos, etc. Bluetooth is also very prevalent in the home, especially in mobile phones and 
PDAs, although is not so commonly  used except for some small scale, device-to-device 
synchronization. 
Figure 2.5 shows a comparison of the current wireless systems and analyzes two 
fundamental characteristics: transmission speed and range.
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Figure 2.5 Wireless systems.[2]
2.2 Antennas
2.2.1 Theory of antennas
The Institute of Electrical and Electronic Engineers (IEEE) defines the antenna like a 
device that can radiate and receive electromagnetic waves. In other words, the antenna is 
a transitional structure between free space and a transmission line as shown schematically 
in Figure 2.6. The transmission line is used to transmit power from the source to the 
antenna and vice versa.
!
Figure 2.6 Antenna scheme.[2]
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The main function of the antennas is the radiation of power delivered in a particular 
direction. Depending on the system for which is designed, the antenna radiates in all 
directions (omnidirectional antenna) as used in broadcasting systems, or in one direction 
(directional antenna) as used in radio links.
Below are several instances of the general characteristics of the antennas to facilitate 
understanding of them.
2.2.2 Antenna Characteristics parameters
2.2.2.1 Impedance
The impedance of an antenna is the ratio between tension and current that are having in 
its terminal. It has a real part, and an imaginary part, which depend on the frequency.
! ! ! ! ! ! ! ! !          [Equation 1]
The real part can be broken as RA(w) = Rr+RL, where Rr is the radiation resistance and RL 
is the resistance of ohmic losses. Thus, one can distinguish between the power radiated 
by the antenna and the power dissipated by the heat:
!
!
! ! ! !
!
! !   [Equations 2 & 3]
where I0 is the value of the input current of the antenna.
2.2.2.2 Radiation Patterns
The radiation pattern of an antenna is defined as the function or graphical representation 
of the radiation properties from the antenna. It is generated from the expression of the 
electric field of the antenna as a function of the angular variables, E(θ,φ),  for the spherical 
coordinate system. The radiation pattern can be represented in 2 or in 3 dimensions. The 
3D representation allows for a more eye-catching understanding. On the other hand, the 
2D representation is performed by  cutting 2 planes. The plane E is formed by the direction 
of maximum radiation and the electric field in that direction. Similarly, the H plane is formed 
by the direction of maximum radiation and the magnetic field in that direction. Both planes 
are perpendicular to each other and their intersection defines the maximum radiation of the 
antenna. As for the 2D representation, polar coordinates can be used, which provide 
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clearer information about the distribution of power at different points in space, or Cartesian 
coordinates, and focuses on highly directive antennas. Figure 2.7 shows an example of 
radiation pattern in 2D and in 3D.
!
Figure 2.7 Radiation Pattern in 2D and in 3D (elevation and azimuth).[2]
Some characteristics parameters of the radiation pattern are:
- Main lobe: is the angular range around the direction of maximum radiation. It is located 
between two relative minimums.
-  Side lobes: are the rest of maximum relative lobes, of lower value from the main one.
-  Beam width: is the angular range of direction in which the radiation diagram of a beam is 
set to half the maximum.
- Relationship to secondary lobe (SLL): is the ratio in dB between maximum value of the 
main lobe and the maximum value of the side lobe.
- Front-to-back (FBR): is the ratio in dB between the maximum radiation value in the main 
direction and its opposite direction.
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2.2.2.3 Adaptation
In the Figure 2.8 is shown the basic sketch of an antenna connected to a generator trough 
a transmission line.
!
Figure 2.8 Sketch antenna, transmission line and generator.[3]
The parameter S11 gives information about the transfer of power from the generator to the 
antenna. In practice, it is interesting that the impedance of the antenna is close to the 
impedance of the generator and transmission line. This implies that the reflected wave is 
very  small and therefore no power is lost. The parameter S11, is then called reflection 
coefficient indicates the relationship  between the incident wave on the antenna and the 
wave reflected by it. This coefficient can be calculated as:
!
                                                          [Equation 4]
where Z0 is the characteristic impedance of the transmission line assuming that the source 
impedance, ZG, is the same as that of the transmission line.
26
From the generator side the network has an input impedance of Zin = Rin + jXin and the 
input power to the network can be defined as:
!
! ! ! ! ! !          [Equation 5]
Since the input power to the network can determine that the maximum power transfer will 
occur when it meets:
ZG = Z*, so, RG = Rin  and XG = -Xin
In this situation it is said that there is a conjugate adaptation between the generator and 
the antenna. The reflection coefficient is thus, not zero, and there is a maximum transfer 
power to the load. It is important to note the difference between adaptation (in which case 
there is no reflected wave) and conjugate adaptation (in which case there is a maximum 
transmitting power to the load), although both situations occur when Z0 and ZG are real. In 
this case the input power can be written as:
!
! ! ! ! !          [Equation 6]
When designing an antenna it is desirable maximum transfer power to the load, it means 
to get conjugate adaptation. If this does not occur, the power transmitted to the antenna PL 
is: 
!
! ! ! ! ! ! ! !          [Equation 7]
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2.2.2.4 Standing Wave Ratio (SWR)
The standing wave ratio (SWR) is the ratio between the maximum and the minimum of the 
standing wave of voltage or current that is created at the output of the generator. For the 
specific case of the relationship, the acronym used is VSWR (Voltage Standing Wave 
Ratio). This parameter is directly related to the adjustment of the antenna and can be 
written as:
!
! ! ! ! ! ! ! ! !          [Equation 8]
2.2.2.5 Directivity and Gain
The directivity of an antenna is defined as the relationship between the radiation intensity 
from an antenna in each direction at a given distance and the radiation intensity that would 
radiate the same distance, compared to an isotropic antenna radiating the same power. 
Figure 2.9 shows a scheme of calculation of the directivity of an antenna.
!
Figure 2.9 Directivity of one antenna.[2]
!
!
! ! ! ! ! ! ! !          [Equation 9]
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Is usually talking directivity of an antenna for the direction of maximum radiation:
!
! ! ! ! ! ! !         [Equation 10]
The gain of an antenna is directly  related to its directivity. It is the relationship  between the 
radiation intensity from the antenna and from an isotropic antenna which accepts the same 
delivered power compared to the antenna under analysis.
!
! ! ! ! ! ! ! ! ! !         [Equation 11]
From these expressions of gain and directivity, the efficiency of an antenna is defined as 
the relationship between radiated power and delivered power.
!
! ! ! ! !         [Equation 12]
2.2.2.6 Polarization 
As explained above, an antenna radiates and receives electromagnetic waves. Therefore 
at every point in space there is a vector electric field, , that is a function of position and 
time. The polarization of an antenna is the temporal variation of the radiation field in that 
direction.
!
[Equation 13]
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!Figure 2.10 Circular and horizontal polarizations. [2]
Depending on the direction of variation of the field, there are 3 types of polarization: 
- Linear Polarization (Figure 2.10): The field is moving on a line. This is because it is 
formed by a single radial component or two orthogonal components in push-pull (180º or 
its multiples).
- Circular Polarization (Figure 2.10): The field is moving in a circle. Formed by  two 
orthogonal components of the same magnitude. It can be circular clockwise or 
counterclockwise depending on the direction on rotation.
- Elliptical Polarization: The field moves in an ellipse. It is formed by two orthogonal 
components of different magnitude, and also distinguishes the direction of rotation.
2.2.2.7 Bandwidth
Due to the finite geometry of the antennas, operation is limited to a desired, limited 
frequency range. This frequency range is defined as bandwidth. It is often presented as a 
percentage, as follows:
!
! ! ! ! ! ! ! !         [Equation 14]
where fmax, fmin and fc and the maximum, minimum and central resonant frequencies.
The bandwidth of the antenna is limited by the characteristics of the system where it will be 
applied. Therefore it can be caused by any of the parameters developed in this chapter: 
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radiation pattern, polarization, adaptation... (this is wrong, instead the physical parameter/
current paths and losses determines it). For the case of UWB antennas designed in this 
project, the minimum requirement is S11 ≤ -10 dB, or an equivalent VSWR ≤ 2.
2.3 UWB Wearable Antennas
2.3.1 Introduction
In recent years, there has a growing interest in the development of wireless body area 
networks (WBAN). These systems are made to operate in a similar way to wireless land 
area networks (WLAN) with the exception that they are strictly confined to the human 
body. This technology has risen in demand due to the growing abundance of mobile 
computing devices. However, the human body creates a challenging environment for the 
design of wearable antennas, thus, a detailed study of the on body effects is essential. 
These systems are intended to operate over a wide frequency band, and therefore, the 
design of UWB antennas is crucial to provide the necessary communication platform. 
The main challenge in UWB antennas are designs that will achieve the required wide 
bandwidth, while maintaining high radiation efficiency.
2.3.2 UWB basic antennas
As a preliminary design, basic patch antenna shapes were utilized for operation in UWB. 
These antennas had two main drawbacks. On the one hand, its bandwidths are not large, 
and investigations were carried with the condition of -10 dB reflection coefficient, as 
predetermined by the FCC (Federal Communications Commission of United States). The 
initial sizes of these antennas were quite large, and are disadvantageous for integration in 
a transmission/reception system.
Explained below is one of the basic UWB design, as an example.
2.3.2.1 Circular basic antenna
This simple design is based on a circular patch fed by a microstrip  line. FR-4 substrate is 
used, with dielectric constant εr = 4.7 and 1.55 mm thick. The transmission line has an 
impedance of 50 Ω while the radius of the patch has been calculated to achieve a 
diameter of λ/4 at the frequency of 3.5 GHz.
Note that the parameter “h”, and the patch-ground plane distance are critical parameters to 
determine the patch impedance and, therefore, in antenna matching.
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In the Figure 2.3.1 shows the dimensions of the antenna.
!
Figure 2.11 Circular basic antenna.[2]
Dimension Value (mm)
W 42
L 50
W1 2,6
L1 20
h 0,3
r 10
Table 2.1 Circular antenna dimensions
The simulated and measured reflection coefficient of this antenna is shown in Figure 2.3.2.
!
Figure 2.12 Reflection coefficient of the circular basic antenna.[2]
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As shown, this antenna produces a -10 dB bandwidth from 2.7 GHz to 10.2 GHz (116%) 
based on simulation, and has a lower operating band of 2.8 GHz to 9.7 GHz (110%) when 
measured. These results are acceptable, even if it is desirable that the upper limit is 
higher, to meet FCC requirements.
2.3.3 Characteristics and requirements of UWB antennas
All of the fundamental parameters described above must be considered in designing UWB 
antennas. By definition, an UWB antenna must be operable over the entire 3.1-10.6 GHz 
frequency range, having a total -10 dB bandwidth of about 7.5 GHz.
It is also necessary  that UWB antennas produce an omnidirectional radiation pattern, to 
enable freedom in the receiver and transmitter location. This implies a minimized directivity 
and gain and maximized half power beam width (HPBW). Thus, conductor and dielectric 
losses must be minimized in order to maximize radiation efficiency. High radiation 
efficiency is indispensable for a UWB antenna. This is due to the transmit power spectral 
density, which is excessively low. 
For proper integration into clothing, these antennas also need to be physically small, 
compact and planar.
There are several kinds of UWB textile wearable antennas. Conventional textile antennas 
are usually  composed of dielectric materials with Ɛr larger than one, and their thicknesses 
are about 4 to 8 mm. Nowadays, UWB textile wearable antennas are being designed to be 
easily  integrated into clothing, which only  allow thicknesses of up  to about 0.5 mm. The 
more common designs of this type of antennas are:
- Coplanar Waveguide (CPW) antennas.
- Elliptical antennas.
- Y-shaped antennas.
- Planar Inverted-F Antennas (PIFA).
- Microstrip antennas.
· Coplanar Waveguide Antennas (CPW).
Feeding through a coplanar waveguide is formed by a conductor with two ground planes 
that are in the same face. Just below is the dielectric. The main advantage of this feeding 
is its good behavior at high frequencies (100GHz or more) due to are not parasitic 
discontinuities caused by the ground plane. Exists also a variant of this method called 
Grounded Coplanar Waveguide (GCPW), which includes another ground plane on the 
lower face of the antenna. Currently  this type of feeding is not excessively used because 
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there are problems of continuity between the ground planes that negatively affect the 
performance of the antenna.
· Planar Inverted-F Antennas (PIFA).
PIFA antennas consist in a ground plane and a radiating element which is placed above. 
These elements are placed at a distance from each other and are united by a common 
thread that makes as a short circuit. The radiating element is fed by a thread. Depending 
on the situation of the two elements the characteristics of the antenna, such as the 
bandwidth or the standing wave ratio (VSWR), can suffer variations. 
· Microstrip antennas.
Microstrip antennas are those that are formed generally by a conductive strip with a much 
smaller width than the patch.
The main positive aspects of this kind of feed are the simplicity of modeling and the 
manufacturing facility. On the contrary, by increasing the thickness of the substrate, the 
surface waves are increased as well as the spurious radiation, which limits the bandwidth 
of the design between a 2-5%. In addition, occurs and important coupling between the 
patch and the line, which generates high levels of contra-polar and induced fields.  
2.3.5 On-Body Characteristics
2.3.5.1 Introduction
The final aspect to take into account in designing wearable antennas is the influence of the 
human body.
The human body introduces a platform on which future antennas are meant to operate. 
Since the human body is hostile and complex with regards to absorbing, delaying, 
distorting and attenuating signals, the design of a power and spectrum efficient wireless 
system requires an analysis and understanding of the radio propagation channel on the 
human body.
For wearable antennas, the proximity of the human body tissue to the radiating structure 
reduces the radiation efficiency due to electromagnetic absorption in body tissues, causes 
frequency detuning and radiation pattern distortion. The elimination of these effects 
depends on the choice of antennas topology and on-body location.
Thus, study on antennas with various geometries operating practically  and the 
electromagnetic properties of the body tissues are needed in order to design efficient BAN 
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systems. This is due to the complexity of the human body - an unevenly shaped stratified 
dielectric medium, which properties that change significantly with frequency and tissue 
type.
2.3.5.2 Electrical properties of human body tissues
The important parameters of the electrical properties of human body tissues to consider in 
designing antennas are the relative permittivity  and the conductivity. In the next figures its 
characteristics are shown depending on the frequency for various tissue types.
Figure 2.13 Measured data of human tissue permittivity for different tissue types.[4]
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Figure 2.14 Measured data of human tissue conductivity for different tissue types.[4]
It can be seen that at lower frequencies, the permittivity is high and the conductivity low. 
Thus, the electromagnetic wave can propagate through the human body. In contrast, at 
higher frequencies the lossy effect is higher, so the skin depth decreases. 
The effect of the human body over the behavior of the antenna will be more relevant at 
high frequencies. In wireless implants, the use of lower operation frequencies (e.g: 400 
MHz) is recommended. 
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CHAPTER 3
METHODOLOGY
To ensure systematic design of a functional UWB antenna, a proper work flow chart is 
required. Figure 3.1 shows this work flow, where a summary of  all the work that has been 
carried out throughout this project to design the proposed UWB wearable antenna. As can 
be seen, there are two points within the project where the results must be analyzed. The 
first is when the simulated results are obtained, and assessment is carried out to 
determine whether these results are correct. If not, the antenna should be re-designed or 
another new antenna topology has to be proposed.
The second result evaluation point is when the measurement results are taken. If these 
are not correct, there are two options: either to re-fabricate the antenna to ensure it is not a 
consequence of a bad fabrication, or propose another antenna design, as this antenna 
might be under-performing when compared to simulation.
Designing and simulation is done using CST Microwave StudioTM. In the first stage, 
several and non-UWB antenna were designed only  with the purpose to learn more on the 
mechanism the software. When this is done, then the design focus is shifted towards 
designing UWB antennas.
The choice of an antenna topology for UWB must be done considering several factors, 
such as physical profile, impedance bandwidth, radiation efficiency, compatibility, directivity 
and radiation pattern. In this work, several antennas were designed, simulated, 
characterized, fabricated, and tested. For each designed UWB antenna all of these 
parameters were analyzed, to determine its feasibility as a wearable antenna. The 
resulting final designs from this work are three Co-Planar Waveguide (CPW) fed antennas, 
a Y-shaped dipole antenna and a Wide slot without via. Some antennas that were 
simulated but not fabricated are also included in this report.
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!Figure 3.1 Methodology
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3.1 Simulation method
3.1.1 Design Specification
All UWB wearable antennas were designed using CST Microwave StudioTM. The design 
specifications are shown in table 3.1
Parameter Value
Operating Frequency Range 3.1-10.6 GHz
Reflection coefficient Less than 10 dB
Radiation Pattern Omnidirectional
Gain Low
Physical Profile Small, Compact, Planar
Table 3.1 Design Specification
3.1.2 Material Specification
In general, two materials have being investigated throughout this thesis, which were 
planned to be potentially used for fabrication.
One of the first steps of this thesis was to design antennas using CST Microwave StudioTM 
software. To do that, several antenna designs were simulated using FR-4 as the substrate 
and copper as a conductor. 
FR-4 material consists on several sheets of Prepreg, which in turn consists on layers of 
woven fiberglass impregnated with epoxy resin. The standard material thickness (1.6 mm) 
consists on 8 layers of Prepreg and one of copper of 35 microns. The main characteristics 
are high dimensional stability, good resistance to temperature, low coefficient of moisture 
absorption, etc.
Copper is, after the silver, the element with the highest electrical and thermal conductivity. 
The electrical conductivity of pure copper was adopted by the International 
Electrotechnical Commission in 1913 as the reference standard for this size, establishing 
the International Annealed Copper Standard (International Annealed Copper Standard) or 
IACS. By this definition, the conductivity of annealed copper measured at 20 ºC is equal to 
58.1086 S/m.
The more important aspects of these materials to designing antennas are:
· FR-4: Relative permittivity Ɛr = 4.6, Tangent delta electric δ = 0.025, thickness = 1.6 mm.
· Copper: Electric conductivity σ = 0.002 S/m, thickness = 0.035 mm.
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The materials used to simulate and fabricate the next antenna designs were fleece for the 
substrate and ShieldIt as a conductive textile. 
ShieldIt possesses high conductivities, is a woven polyester textile coated with copper and 
nickel.
Fleece is a synthetic fabric made of thermal insulation, usually  PET. It was developed by 
Malden Mills and presented as a substitute for wool. Its advantages are it is soft and 
comfortable; very warm without weighing too much (important for the antennas to be 
integrated into clothing); is an hydrophobic material, retaining less than 1% of its weight in 
water when is completely soaked, and simultaneously allowing breathing. 
Its disadvantages: is flammable; does not absorb moisture like cotton or wool; tends to 
generate very high static charges.
The electric characteristics that are relevant for the antenna design are:
· Fleece: Relative permittivity Ɛr = 1.26, Tangent delta electric δ = 0.019, thickness = 3 mm.
· ShieldIt: Electric conductivity σ = 118·103 S/m, thickness = 0.035 mm or 0.17mm, 
depending on the design.
The specifications of the substrate are listed as a table in Table 3.2.
Properties Values
Thickness, h (mm) 3
Relative permittivity, Ɛr 1,26
Loss tangent 0,019
Table 3.2 Electrical properties of fleece
For the conductive textile, ShieldIt was the selected material. The electrical properties of it 
are shown in Table 3.3
Properties Values
Thickness, h (mm) 0,035 or 1,7
Electric conductivity σ (S/m) 118·103
Table 3.3 Electrical properties of shieldIt
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3.1.3 Antenna design
As mentioned above, the first round of simulations consist several simple antenna designs 
found in literatures [8, 9, 10, 11, 12]. These different antenna configurations working in 
different frequency ranges were designed and simulated on CST Microwave StudioTM.  To 
verify  that the antennas were properly, the theoretical results from the literatures are 
compared with the results obtained from the CST simulations. 
Some examples are given below:
- Inverted L antenna, operating in frequency range between 1.2 and 3 GHz. [8]
- Printed Circular Loop, operating in frequency range between 1.2 and 3 GHz. [8]
- Printed Monopole, operating in frequency range between 1.2 and 3 GHz. [8]
- Ring antenna, operating in frequency range between 4.5 and 6.5 GHz. [9]
- Rectangular slot antenna, operating in frequency range between 1 and 12 GHz. [10]
These results are shown in Appendix A.
Consequently, a literature survey of new UWB antenna design was initiated. Several 
topologies of UWB antennas were analyzed, simulated and studied, to choose a 
potentially good performing antenna in the frequency range of interest. 
Finally, 5 antenna designs with an interesting behavior in the UWB frequency range were 
obtained [ref 1, ref 2,…], although many more designs were analyzed before arriving at 
these 5. Appendix B shows some of these designs, and the simulated results are 
compared with the theoretical ones from the papers. 
The final designs which were finally fabricated are as follow:
1st design: Modification from CPW-fed flexible monopole antenna [15].
2nd design: CPW-fed flexible monopole antenna with circular slot [15].
3rd design: CPW-fed flexible monopole antenna with rectangular slot [19].
4th design: Y-printed shaped antenna with all the structure on the same face [17].
5th design: Wide slot antenna without via [22].
The dimension of each parameter of every antenna was carefully studied. Every 
parameter was modified within a comprehensive range of values by a sweep (the size of 
the ground plane, the length of the transmission line, the gap between the ground plane 
and the transmission line, adding slots on the ground plane, modifying the ground plane, 
changing position and size of the slots, etc). When the sweep is finished, the reflection 
coefficient for each value are shown in the same graph for ease of comparison. 
Once the optimal value for each parameter is found, the final physical antenna size can be 
determined through these optimal values.
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The Figure 3.2 shows an example of sweep for the modified CPW-fed flexible monopole 
antenna. The parameter modified is GWGap, which is the distance between the 
transmission-fed line and the ground plane.
!
Figure 3.2 Sweep from 0.1 to 1 mm of GWGap
Observing the graph, it is then possible to determine the value of the parameter which the 
best results can be obtained.  In this case, the optimal value is GWGap = 0.2 mm.
3.1.3.1 Modification of CPW-fed flexible monopole antenna
This design is based in the 5th design analyzed in Appendix B. The shape of the ground 
plane was modified to achieve a higher bandwidth. The dimensions of the antenna are 
shown in Figure 3.3.      
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         (a) Front view    (b) Zoom on transmission-fed line
Figure 3.3 Modification from CPW-fed flexible monopole antenna
Parameter Value (mm)
SubW 34
SubL 42
RadW 18
RadL 18,5
GW 15
GL1 14,5
GL2 8,5
TLW 1,3
TLL 15,1
GWGap 0,2
Table 3.4 CPW fed-flexible monopole antenna dimensions
Both figures above present the overview of the antenna. The dimension of the substrate is 
34x42x3mm, shown in the figure 3.2(a). The thickness of the ShieldIt layer is 0.035 mm for 
the patch radiator and transmission line, and 0.17 mm for the ground plane.
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3.1.3.2 CPW-fed flexible monopole antenna with circular slot
This antenna is based on the previous design, with an additional 4 mm radius circular slot 
in the center of the radiation patch. It also produced  a reasonable behavior in the UWB 
frequency range.
        (a) Front view     (b) Zoom on transmission-fed line
Figure 3.4  CPW-fed flexible monopole antenna with circular slot
Table 3.5 CPW fed-flexible monopole antenna with circular slot dimensions
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3.1.3.3 CPW-fed flexible monopole antenna with rectangular slot
This design is also based on the first one, adding two symmetric rectangular slots on the 
patch radiator.
              (a) Front view    (b) Zoom on transmission-fed line
Figure 3.5  CPW-fed flexible monopole antenna with rectangular slot
Table 3.6 CPW fed-flexible monopole antenna with rectangular slot dimensions
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3.1.3.4 One sided Y-shaped Planar Antenna 
Figure 3.6(a) shows the front view of the antenna while figure 3.4(b) shows the back view 
of the antenna. The dimension of the substrate is 85x59x1.6mm. The antenna has a 
21.5x59mm partial ground plane.
(a) Front view    (b) Back view
Figure 3.6 One sided Y-shaped Planar Antenna 
Table 3.7 One sided Y-shaped Planar Antenna dimensions
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3.1.3.5 Wide slot antenna without via
(a) Front view     (b) Back view
Figure 3.7 Wide slot antenna without via
Table 3.8 Wide slot antenna without via dimensions
This antenna consist of a patch radiator with a transmission feed line on the front, and has 
a special ground plane on the back side with a polygonal hole in the middle and an 
additional radiation element on it. The dimension of the substrate is 27x29x3mm and the 
thickness of the ShieldIt layer is 0.17 mm.
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3.2 Fabrication method
The fabrication process of all the antennas is quite different than the other conventional 
antennas. This is due to the application of all textile materials: for the substrate and the 
conductive element. The tools that were available for the fabrication were a pencil, an 
eraser, a horizontal ruler with a maximum length of 30 cm (the accuracy of the instrument 
was 1 mm), a scissors, a knife, a cutter and an iron. Thus, they are not really  accurate 
tools to fabricate small antennas, thus complicating the the fabrication process. 
The first step was print and cut the shape of the substrate into the fleece layer. Then, the 
shape of the radiation elements were printed into the ShieldIt layer, taking specially  care 
with the the smallest parts of the design. Once all the elements are cut, the next step  is to 
iron ShieldItʼs adhesive backingI onto the substrate. Several process steps are  shown in 
Figure 3.8.
Figure 3.8 Fabrication process
It is noteworthy that the fabrication of the CPW-fed antennas was especially difficult, due 
to the small size of the feeding line-ground plane separation. The first fabricated design 
was less accurate. This is because the two pieces of ground plane and transmission line- 
patch radiator pieces were cut separately before being ironed onto the substrate. The 
designed distances between feeding line-ground plane separation is very small, making 
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fabrication inaccurate. After analyzing the fabricated antenna, we realized that it was better 
to secure all parts of the antenna together onto the substrate layer before cutting them. 
With this improvement on the fabrication process, the obtained results were better and the 
fabricated antenna was more accurate and similar to the simulated dimensions.
When the correct textile antenna dimension is achieved, the last step  in the fabrication 
process is to add a SMA connector. The connector is needed to feed power into the 
antenna, and to enable the measurement of antenna parameters in this project.
To attach the connector onto the textile antenna a conductive epoxy is required. This 
epoxy has a high conductivity to enable the effective current flow on the textile, and 
allowing a strong antenna-connector bond. 
The characteristics of the used connector are shown on Figure 3.9:
Figure 3.9 RADIAL - R125426000 connector.[5]
Description of the epoxy is shown in the next figure:[6]
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Figure 3.10 EPO-TEK EE129-4 description.[6]
This special epoxy consists of two components, which have to be mixed on a homogenous 
way.
One of the connector pins has to be connected to the transmission line of the antenna, 
and other two pins have to be connected to the ground plane. If the antenna possesses a 
ground plane on the back side, then three pins are needed. One pin is for connection to 
the transmission line in front, and the other two are for the ground plane. However, for 
CPW-fed antennas which consist of ground plane on the front side, four pins are needed; 
one for the transmission line, two for the ground planes (on left and right), and the final 
one on the back side, to secure the connector to the antenna.
When the epoxy is applied, it is necessary to allow a dayʼs time to ensure proper drying 
and a secure connection.
Some pictures of finished antenna designs are shown below:
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Figure 3.11 Double Sided Y-Shaped Planar antenna with a notch on the Ground Plane
Figure 3.12 One sided Y-shaped Planar Antenna 
  
Figure 3.13 CPW-fed flexible monopole antenna ! Figure 3.14 CPW-fed flexible monopole antenna 
! ! ! ! ! ! ! ! ! with rectangular slot
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Figure 3.15 Showing different antennas
3.3 Measurement method
Measurement is carried out to check if the antennas are well fabricated and to evaluate if it 
produces the expected behavior. The three most relevant parameters were measured:
- Reflection coefficient.
- Radiation pattern.
- Gain.
3.3.1 Measured of Reflection coefficient
HP8510 network analyzer was used to measure the antennaʼs reflection coefficient. This 
type of network analyzer consists of a sweep oscillator, a test set which includes two ports, 
a control panel, and information display, and a RF cable or two to hook up  the device 
under test (DUT). Each port of the test set includes dual directional couplers and a 
complex ratio measuring. This device can make measurements from 45 MHz to 26.5 GHz.
Before starting the measurements, the network analyzer has to be calibrated. Several 
other items must also be checked prior to calibration:
- Frequency range of measurement.
- Ensure that cables are in good condition.
Once these two requirements are met, the calibration of the device can be started. 
The reflection calibration requires three standards: a Short, an Open and a matched 
broadband load (this type of calibration is also known as a SOL). The used load was a 
“broadband load”, which means that it has very  good matching and low reflection 
coefficient over a large frequency range. 
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When calibration is finished, the network analyzer is ready to be used for measurements.
The measured reflection coefficient is presented in a X-Y graph. A floppy disk has to be 
inserted into the network analyzer to save all measured data. This raw data can then be 
processed and presented using a spreadsheet program.
3.3.2 Measured of Radiation pattern
The radiation patterns were measured in the anechoic chamber in the ESAT building, 
using the HP 8530 setup and measurement system from FR/ORBIT.
The anechoic chamber is a special room that is used to measure radiation patterns and 
gains. The internal walls of the chamber are lined with special cone-shaped carbon-
permeated foam that absorbs microwave radiation. The walls do not reflect, or “echo”, any 
power back into the room, so the chamber is like a free-space environment from an 
electromagnetic perspective.
Radiation patterns are usually measured in the anechoic chamber. Radiation pattern is the 
result of the measurement of power as a function of an angle. The polarity is also 
determined using radiation pattern.
The measured process of the radiation pattern consist of: the antenna under test (AUT), 
which is suspended in air and illuminated by a plane wave from the far-field. The AUT is 
then rotated about its phase center, and the received power is recorded for each angle of 
rotation. In our case, the angle rotation is between -170º and 170º. 
To obtain all polarizations measurements of the radiation pattern is carried out in four 
different AUT-transmitting horn configurations.
Polarization describes how the E-field is moving when it leaves the antenna.
In horizontal polarization the signal moves in a horizontal fashion ( - ).
In vertical polarization the signal moves in a vertical fashion ( | ).
In circular polarization the signal moves in a circular fashion ( O ) with either right-handed 
or left-handed rotation.
Then, cross-polarization is radiation orthogonal to the desired polarization. For instance, 
the cross-polarization of a horizontal polarized antenna is the vertical polarized fields.
The co-polar polarization is radiation in the same direction to the desired polarization.
For the E-field is possible to measure two different parts; E-field consists on 3 
components: Eϕ, Eϴ and Er. In our measured system, horn polarization determines 
whether Eϕ or Eϴ is being read.
Eϕ is read when the Eϕ direction is parallel to X-Y plane.
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Eϴ is read when the position vector is in the plane between Z and position vector (R), and 
perpendicular to R.
It is also important to determine how the fields are radiated. When the antenna is in 
vertical position, the fields are vertically polarized. The antenna is rotating over the X-Z 
plane, with ϕ = 0º (since it is rotating at X-axis). When the antenna is then turned 90 
degrees in a horizontal position, the fields are then horizontally polarized. Thus the rotation 
plane is the Y-Z plane at ϕ = 90º (it is rotated at Y-axis).
Thus, when horn is horizontal, Eϕ is read, and when horn is vertical, Eϴ is read.
So, the four configurations are:
-Horn in vertical position and the antenna in horizontal position. With this configuration 
the  Eϴ is read with ϕ = 90º. It is the co-polar polarization for E-field.
-Horn in vertical position and the antenna in vertical position also. With this configuration 
the  Eϴ is read with ϕ = 0º. It is the cross-polar polarization for E-field.
- Horn in horizontal position and the antenna in horizontal position also. With this 
configuration the Eϕ is read with ϕ = 90º. It is the cross-polar polarization for E-field.
- Horn in horizontal position and the antenna in vertical position. With this configuration the 
Eϕ is read with ϕ = 0º. It is the co-polar polarization for E-field.
The radiation pattern was measured at four frequencies, the frequencies that we 
considered more relevant in the UWB frequency range. These frequencies are:
f1 = 3.1 GHz
f2 = 5.2 GHz
f3 = 7 GHz
f4 = 10 GHz
Through the measured radiation pattern at these specific frequencies, the behavior and 
performance of the antenna can then be observed.
An example of anechoic chamber with the AUT and the horn is shown in Figure 3.16.
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Figure 3.16 Anechoic chamber. [7]
3.3.3 Measured of Gain
The gain of the antennas was also measured on the anechoic chamber of the ESAT 
building. But, in this case, was not necessary to rotate the antennas. The procedure to 
measure the gain is to place the antenna under test (AUT) in a co-polar polarized position 
along with the transmitting horn antenna. The measurement of gain is carried out in a large 
frequency range. These frequency ranges are dependent on the standard gain horns with 
known gains.
In our case, the horns used are:
- SGH 644, for the frequency range between 2.5 - 4 GHz.
- SGH 643, for the frequency range between 3.9 - 6 GHz.
- SGH 642, for the frequency range between 5.3 - 8.6 GHz.
- SGH 640, for the frequency range between 8.2 - 12.2 GHz.
For every different horn, the manufacturer provided a specification sheet with the gain and 
its frequency range.
Due to the large frequency range, different measurement using different horns were 
necessary. Specific frequency ranges were then determined to enable a reasonable and 
balanced bandwidth.
Thus, the measurement of the AUT and horn were carried out in these frequency ranges:
Measure frequency range 1 = 3 - 4 GHz (BW = 1 GHz).
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Measure frequency range 2 = 4 - 5.4 GHz (BW = 1.4 GHz).
Measure frequency range 3 = 5.4 - 8.2 GHz (BW = 2.8 GHz).
Measure frequency range 1 = 8.2 - 11.2 GHz (BW = 3 GHz).
To obtain the measured AUT gain, it is necessary to also measure the relative gain of the 
horns in the room. These values will then be used to calculate the gain of the AUT. 
The formula to obtain the AUT gain is:
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CHAPTER 4
 
 
RESULTS & DISCUSSION
 
4.1 Introduction
The fundamental aim of this thesis is to develop  UWB wearable antennas which can work 
in the whole UWB frequency range (between 3.1 - 10.6 GHz).
The performances of the antennas were analyzed in two different ways; by simulation and 
then by  measurement. The three most important parameters of the antennas were 
analyzed and will be discussed in this chapter are the reflection coefficient, radiation 
pattern and gain.
The simulation software, CST Microwave StudioTM, is a basic and specialized tool for the 
fast and accurate 3D electromagnetic simulation. This software can generate the three 
parameters that are of interest in this thesis. Comparison of results was also carried out 
using another separate software: OriginPro 7.5. It is a scientific graphing and data analysis 
software package, produced by OriginLab Corporation. Data analyses in Origin include 
statistics, signal processing, curve fitting and peak analysis.
 
4.2 CPW-fed flexible monopole antenna
4.2.1 Simulated and measured reflection coefficient
Figure 4.1 shows the comparison between simulated and measured results of reflection 
coefficient. There are 3 different presented results; one is obtained using “adaptive 
meshing”, which is the most accurate simulated result. The second one is the measured 
reflection coefficient of the fabricated prototype. The red line corresponds to the improved 
antenna, and it is clear that the results are better.
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Figure 4.1 Comparison between simulated and measured reflection coefficient
 
As expected, the measured results are worse than the simulated one. In the simulated 
result, the reflection coefficient is lower than -10 dB in the whole UWB frequency range. In 
fact, actually, the reflection coefficient is lower than -10 dB starting from 2.5 GHz. The 
measured bandwidth is about 3.6 GHz, due to reflection coefficient is not lower than -10 
dB until 7GHz.
It is important to note that the more different the simulated and measured results are, the 
worse the antenna is. This could be due to inaccuracies on the fabricated antenna, or 
inaccuracy of the modeling software. Another factor that may cause these differences is 
the influence of connector, which was not taken into account in the simulation.
 
4.2.2 Simulated and measured radiation pattern
Figure 4.2 shows the comparison between the measured and the simulated results at the 
4 analyzed frequencies. Only  the co-polar polarizated fields are shown, which can be 
analyzed more clearly.
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Figure 4.2 Measured and Simulated Radiation Pattern.
 
In each image the components Eϕ and Eϴ are presented. The black line is the simulated  
Eϕ, the red line is the measured Eϕ, the pink one is the  simulated Eϴ and the blue one is 
the measured Eϴ.
We can see that the antenna is practically  omnidirectional, except for some nulls at 90º 
and 270º in the  Eϴ component. At low frequencies the measured result is not really similar 
to the simulated one. This occurs due to the inability of the prototype antenna in this 
frequency, and the reflection coefficient is larger than -10 dB.
4.2.3 Simulated and measured gain
Figure 4.3 shows the comparison between the simulated (GainSIM) and the measured 
(GainMEAS) gain. There is also a polynomial fit of order 4 of the measured gain, in order 
to smooth out the curve of and eliminate the small variation caused by noise. Thus, it is 
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easy and more accurate to compare the simulated gain with the polynomial fit of the 
measured gain.
 
Figure 4.3 Simulated and measured gain
 
At low frequencies the measured gain is about 4 dB below the simulated one, taking a 
value of -2 dB. As the frequency increased the gain is also higher and more similar to the 
value of the simulated one, reaching a value of 5 dB at 9.5 GHz.
 
4.3 CPW-fed flexible monopole antenna with circular slot
4.3.1 Simulated and measured reflection coefficient
The next figure are shows the differences between the simulated and measured reflection 
coefficient. The simulated result is obtained using the technique of “adaptive meshing”, as 
in the previous antenna. For this design there are also two fabricated versions.
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Figure 4.4 Comparison between simulated and measured reflection coefficient
 
As in the previous case, the simulation shows that the antenna should have a good 
behavior in the whole UWB frequency range.
The first fabricated antenna shows better performance at low frequencies. At high 
frequencies the behavior of the second fabricated antenna is much better, having a big 
bandwidth at 9 GHz.
In general, the first fabricated antenna has a much bigger bandwidth than the second one, 
which is between 2.8 - 3.4 GHz and 4.4 - 10.6 GHz (until the end of the UWB frequency 
range). Thus, the resulting bandwidth is 6.5 GHz in the UWB frequency range (3.1 - 10.6 
GHz).
On the other hand, the second fabricated antenna has a bandwidth of 3.6 GHz (between 7 
and 10.6 GHz).
Thus, the first fabricated antenna has a more similar behavior to the result of simulation 
than the second fabricated one. The differences between them may be due to different 
accuracy on the fabrication process, the size of the different parts of the antenna (the 
second one has a thinner transmission line and the distance between it and the ground 
plane is smaller than in the first one). The amount of conductive epoxy applied might also 
have influenced performance of both antennas.
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4.3.2 Simulated and measured radiation pattern
Figure 4.5 shows the co-polar polarization at the 4 frequencies. The simulated and the 
measured results are quite similar for all cases. It is seen that the component Eϴ has nulls 
at 90º and 270º, and the component Eϕ is more omnidirectional, as in the previous 
antenna.
 
Figure 4.5 Measured and Simulated Radiation Pattern.
 
At 10 GHz the measured results are more different from the simulated ones. This does not 
happen at low frequencies, which indicate an accurate simulation.
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4.3.3 Simulated and measured gain
The next figure shows the simulated and measured gain (also with the polynomial fit or 
order 4).
Figure 4.6 Simulated and measured gain
 
The gain of this antenna is similar to the gain of the CPW antenna without slot, although it 
is a bit lower. At low frequencies the gain is lower, and it increases with the frequency until 
9.5 GHz, where it decreases again.
 
4.4 CPW-fed flexible monopole antenna with rectangular slot
4.4.1 Simulated and measured reflection coefficient
Figure 4.7 shows the results of simulation and fabrication process. Again the simulation 
was performed using “adaptive meshing”. Also, two antenna prototypes were fabricated.
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Figure 4.7 Comparison between simulated and measured reflection coefficient
 
The shapes of both fabricated antennas is similar, with the first having a bigger bandwidth. 
The first fabricated antenna also has ripples at low frequencies, perhaps due to losses in 
the connector or noise. Its bandwidth is 3.8 GHz, from 6.8 GHz until 10.6 GHz.
The second fabricated antenna has a smoother curve than the first one, always a 
desirable effect. The bandwidth is smaller than the first antenna, being between 7.6 GHz 
and 10.4 GHz. So, its bandwidth is about 2.8 GHz.
Otherwise, the bandwidth of the simulated result is 7.5 GHz, from 3.1 GHz until 10.6 GHz, 
the completely UWB frequency range. And the simulated result has a better behavior than 
the fabricated ones in virtually the entire spectrum.
These significant differences could be due to the difficulty  of fabricating an antenna with 
the dimensions that the simulated antennas have, especially with such rudimentary tools 
that were available. 
 
4.4.2 Simulated and measured radiation pattern
Figure 4.8 shows the comparison between the measured and the simulated results at the 
four analyzed frequencies.
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Figure 4.8 Measured and Simulated Radiation Pattern.
 
The results are quite similar to the two previous cases. The 3 CPW  antennas have 
comparable radiation patterns.
 
4.4.3 Simulated and measured gain
Figure 4.9 shows the simulated and measured gain of the CPW-fed flexible monopole 
antenna with rectangular slot. The gain is quite similar to the design without slots, and is a 
bit higher than the antenna without slots.
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Figure 4.9 Simulated and measured gain
 
 
4.5 One sided Y-shaped Planar Antenna
4.5.1 Simulated and measured reflection coefficient
In the next figure simulated and measured reflection coefficient of the One sided Y-shaped 
Planar Antenna is observed.
There is only one measured result because all the fabricated antennas of this design given 
very similar results, being this one the best of them.
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Figure 4.10 Comparison between simulated and measured reflection coefficient
 
We can see that both results are similar, being the simulated one a bit better than the 
fabricated one, as is usual.
The bandwidth of the simulated result is the whole UWB frequency range (7.5 GHz), and 
the bandwidth of the fabricated design is from 3.5 GHz to 4.4 GHz and from 5.2 GHz until 
10.6 GHz. Thus, it has a bandwidth of 6.3 GHz.
The simulated result has three peaks, at f1 = 3.8 GHz, f2 = 6.4 GHz and f3 = 9.4 GHz.
On the other hand, the fabricated result has four peaks, at f1 = 3.8 GHz, f2 = 5.8 GHz, f3 = 
7.1 GHz and f4 = 10.1 GHz.
Thus, it can be determined that the results of the fabricated models are quite similar to the 
simulation.
 
4.5.2 Simulated and measured radiation pattern
The radiation pattern at 3.1 GHz was not measured since the antenna is performing badly 
at low frequencies. Reflection coefficient is higher than -10 dB at 3.1 GHz. Thus only 3 
frequencies were analyzed.
As in the reflection coefficient, the measured radiation pattern is quite similar to the 
simulated one. The antenna is omnidirectional, although have a little nulls in the 
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component Eϕ near to 90º and 270º. Unlike the CPW antennas, Y-antenna has the nulls in 
this component because the original design in CST Microwave Studio software is oriented 
in the X-axis, not in the Y-axis as the rest of the antennas. Then, the measures are just the 
opposite.
 
Figure 4.11 Measured and Simulated Radiation Pattern.
 
 
4.5.3 Simulated and measured gain
Figure 4.12 shows the comparison between the simulated and fabricated gain of the One 
sided Y-shaped Planar Antenna. For the fabricated results there is also a polynomial fit of 
order 4 to facilitate comparison with the simulated result.
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Figure 4.12 Simulated and measured gain
 
The simulated gain is practically flat around 5 dB in the whole spectrum.
On the other hand, the measured result is not similar to the simulated one. At low 
frequencies the gain is around -5 and -6 dB, and it increases with the frequency, up  to 4 
dB at 9.6 GHz.
 
4.6 Wide slot antenna without via
4.6.1 Simulated and measured reflection coefficient
Figure 4.13 shows both simulated and measured results. In this antenna, the measured 
result is better than the simulated one. It has a big bandwidth, since 3.1 GHz until 8.2 GHz 
(5.1 GHz). There is a peak of -35.5 dB at 7GHz.
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Figure 4.13 Comparison between simulated and measured reflection coefficient
 
4.6.2 Simulated and measured radiation pattern
Figure 4.14 shows the radiation pattern. As all the previous antennas, this antenna is also 
omnidirectional, and the measured results are more similar to the simulated ones at low 
frequencies.
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Figure 4.14 Measured and Simulated Radiation Pattern.
 
 
4.6.3 Simulated and measured gain
For this antenna, simulated and measured parameters exhibited a similar behavior 
throughout the frequency spectrum. In both cases the gain increases with the frequency.
Simulated result has a gain of 1 dB at 3.1 GHz and the maximum value is getting at 8 
GHz , which is 5 dB.
The result of the fabricated antenna  has a gain of -1 dB at 3.1 GHz, and the gain reaches 
the maximum value at 10.6 GHz (9.2 dB).
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Figure 4.15 Simulated and measured gain
 
 
4.7 Measurements on body
The last step  of the practical part of the thesis was the measurements on body. It consists 
of the same measurements of the antenna parameters but with the antenna on body 
(fastened on the clothes).
Because of the great difficulties of measuring the radiation pattern and gain in the 
anechoic chamber with a person inside, we could measured only the reflection coefficient 
for the antenna on human body, which is the most important parameter to check whether 
the antenna is working properly. To measure this parameter a person is needed to stand 
completely still inside the anechoic chamber while the measure is carried out.
We had an important problem in this process; the fragility of the antennas. The epoxy that 
was used to connect the antenna with the connector proved is not so strong. The SMA 
connectors fell off when the antenna was evaluated on body and connected to the wire 
from the network analyzer. Three antennas were broken while measurements were being 
carried out. For this reason we decided to change the measure process. Initially  the 
antennas were put onto the clothes on the chest, the shoulder and the back. In every case 
the antennas were oriented in horizontal position and in vertical position, thus we took 2 
measurements for each position on the body. But when we realized that the antennas 
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could not withstand all the measurements, we decided to take only the measurements in 
the horizontal and vertical positions on the back of the body. This is due to previous on-
body measurements, where the best results among the three locations were gathered 
here.
 
4.7.1 CPW-fed flexible monopole antenna
For this design two fabricated antennas were analyzed. The Figure 4.16 shows the results 
on the six possible configurations (antenna horizontal or vertical on the chest, the shoulder 
and the back).
As was mentioned previously, the best result is when the antenna is placed on the back 
(brown line).
Figure 4.16 Reflection coefficient of the first design of CPW-fed flexible monopole antenna
 
The second and more accurate fabricated design shows a much better performance than 
the first one. Unfortunately the antenna broke after only  one measure, with the antenna in 
the horizontal position on the chest. The result shows a bandwidth of 3.2 GHz.
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Figure 4.17 Reflection coefficient of the second design of CPW-fed flexible monopole antenna
 
4.7.2 CPW-fed flexible monopole antenna with circular slot
As in the rest of CPW antennas, two fabricated designs were studied. In both cases, the 
results on body are really good. The first design has a bandwidth of 6.5 GHz, from 4.1 
GHz until 10.6 GHz. The results on body are better than in free space.
Figure 4.18  Reflection coefficient of the first design of CPW-fed flexible monopole antenna with 
circular slot
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With the second design we could only take two measurements, on the chest and in free 
space. This is also because the broken connector after the second measurement was 
taken.
Figure 4.19 Reflection coefficient of the second design of CPW-fed flexible monopole antenna with 
circular slot
 
4.7.3 CPW-fed flexible monopole antenna with rectangular slot
Two designs of this antenna were also analyzed. In both cases, the measured results on 
body are similar to the measured results in free space. The reflection coefficient is not 
good in any cases.
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Figure 4.20 Reflection coefficient of the first design of CPW-fed flexible monopole antenna with 
rectangular slot
Second design:
 
Figure 4.21 Reflection coefficient of the second design of CPW-fed flexible monopole antenna with 
rectangular slot
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4.7.4 One sided Y-shaped Planar Antenna
For this topology, only one design was measured. The behavior of the antenna is really 
good in all the UWB frequency range, and there is not much difference between the 
measurements on the chest, the shoulder or in the free space. Measurement was also 
halted when the antenna was tested on the human back, because the connector also 
broke.
Figure 4.22 Reflection coefficient of the One sided Y-shaped Planar Antenna
 
 4.7.5 Wide slot antenna without via
Figure 4.23 shows the measured on body reflection coefficient of this antenna. It has a 
good performance at low frequencies, but whit increasing frequency  the reflection 
coefficient also increases. It produced a bandwidth near to 5 GHz. The best result is 
obtained with the antenna placed on the human back, in vertical position.
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Figure 4.23 Reflection coefficient of the Wide slot antenna without via
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 CHAPTER 5
CONCLUSION & FUTURE WORK
5.1 Conclusion
Throughout the duration of this thesis, several types of UWB wearable textile antennas 
have been designed and fabricated. These antennas were designed to cover the 
frequency range from 3.1 to 10.6 GHz, and simulated using CST Microwave Studio.
The objective of this thesis is achieved as the fabricated antennas have a similar behavior 
as the simulated ones. 
Due to the large bandwidth of UWB, there have been modifications of simple designs to 
get a better performance for the three important parameters: reflection coefficient, gain 
and radiation pattern. The reflection coefficient of all antennas are fairly  similar to the 
simulated results. Significant differences exists between the simulated design and the real 
fabricated antenna. Due to the difficult fabrication method, which then produced 
inaccuracies, the differences between the simulated and measured results are bigger than 
what has been expected.
The used techniques to improve the bandwidth of the antennas were:
- Modifications in the ground plane to changing the antennaʼs impedance
- Insertion of patches or slots onto the patch (or radiating element) to get new resonant 
dimensions, This will then improve the bandwidth of the antenna.
On the construction of the CPW antennas, initially they were made by cutting all the 
components separately. However,.we realized that the designs could be improved by 
cutting the conductive textile,when it is already secured onto the substrate.This is to 
ensure that the small distances between them are more accurate. With this technique the 
achieved results were bit better in some cases.
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In terms of radiation pattern, all the antennas have almost similar results. These antennas 
have an omnidirectional radiation pattern in general, although it will also depends its 
specific frequency.
Finally, note the operation of the anechoic chamber of the ESAT building in order to 
measure the radiation patterns of the antennas. Specific hardware and software were 
used to control a rotating platform where the antennas were measured.
5.2 Future work
To further improve the performance of the antennas, additional work is especially needed 
on measuring on-body performance. Inaccuracies, owing to human errors during the 
fabrication process is the major cause of differences between simulated and measured 
results. The use of better tools, such as a microscope or as a scalpel, could greatly 
improve the fabricated designs.
The wearable antennas will then be attached onto the human body, and these antennas 
have a partial ground plane. This is so that the human body will suffer the least influence 
from the antenna. Therefore, the effect of the antenna on the human body should be 
investigated.
Due to the infancy of wearable UWB systems, there are still many areas of research. For 
future works in the field of design UWB antennas, several research directions are 
proposed.
It could be interesting to compare the results obtained with the CPW-fed line antennas 
over the microstrip line antennas.
Another possible work could be the research of different fabric, to use as a substrate, to 
get better performance, taking into account the dielectric permittivity  and the thickness of 
it. Furthermore, it would be useful to explore other material with low loss and different 
dielectric constants to compare the advantages and disadvantages of each one.
Finally, another field of research could be directional or adaptive UWB antennas in order to 
improve the quality  of the service. It could be also interesting to find new antennas with 
more gain and focus only in a specific direction.
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Appendix A
· Initial simulations of non-UWB antennas using CST Microwave StudioTM.
1- Inverted L antenna. [8]
2- Printed Circular Loop. [8]
3- Printed Monopole. [8]
4- Rectangular Slot  Antenna. [10]
5- Ring Antenna. [9]
Expected results for the first 3 antennas:
55 nm 005D a
43-m
y
Z (a) Pninted Dipole
5D ..
(d) Inverted L
70mm
(b) Printed Monopole (c) Printed Circular Loop
[T
(e) Parasitic L (I) Wiggle Antenna
Fig. 1. Schematics of antenna designs applied in the study (a)Dipole [9], (b) Monopole [10][1 1], (c) Circular Loop [9], (d) Inverted L[12], (e) Parasitic L
[13] and (f) Wiggle Antenna [14]. All antennas are planar and printed on FR4 PCB board with q. = 4.6, loss a 0.002 and thickness h = 1.6 mm except
for the wiggle antenna where h is reduced to 0.7 mmn.
performance within the ISM band of interest (2.4 - 2.48
Gllz) with onmi-directional patterns and excellent gain and
efficiency values (as predicted).
Table I lists the applied antenna types and their main param-
eters at 2.4, 2.44 and 2.48 Gllz when operating in free space.
As expected, the conventional antennas demonstrate excellent
performance. However, when size reduction is applied (as the
case for parasitic L and wiggle antennas), antenna bandwidth
(impedance bandwidth and hence radiation bandwidth) and
radiation efficiency decrease due to coupling between elements
and the introduction of vias. This causes the radiated power to
decrease rapidly therefore affecting efficiency due to additional
loading impedance.
B. Wearable Antennas Analysis
The effect of human body lossy tissue presence on the
antenna performance and the dependent of the antenna char-
acteristics on distance and location from and on the body are
analysed and numerically investigated. Antenna return loss,
0
E
3
Frequerncy(GHz)
Fig. 2. Return loss of the proposed antennas, demonstrating excellent
performance a cross the ISM band.
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Figure 6.1 Appendix A. Reflection coefficient of the proposed antennas
1- Inverted L antenna, operating in frequency range between 1.2 and 3 GHz.
2- Printed Circular Loop, operating in frequency range between 1.2 and 3 GHz.
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3- Printed Monopole, operating in frequency range between 1.2 and 3 GHz
1- Inverted L antenna, operating in frequency range between 1.2 and 3 GHz.
Design gathered from the paper:
55 nm 005D a
43-m
y
Z(a) Pninted Dipole
5D ..
(d) Inverted L
70mm
(b) Printed Monopole (c) Printed Circular Loop
[T
(e) Parasitic L (I) Wiggle Antenna
Fig. 1. Schematics of antenna designs applied in the study (a)Dipole [9], (b) Monopole [10][1 1], (c) Circular Loop [9], (d) Inverted L[12], (e) Parasitic L
[13] and (f) Wiggle Antenna [14]. All antennas are planar and printed on FR4 PCB board with q. = 4.6, loss a 0.002 and thickness h = 1.6 mm except
for the wiggle antenna where h is reduced to 0.7 mmn.
performance within the ISM band of interest (2.4 - 2.48
Gllz) with onmi-directional patterns and excellent gain and
efficiency values (as predicted).
Table I lists the applied antenna types and their main param-
eters at 2.4, 2.44 and 2.48 Gllz when operating in free space.
As expected, the conventional antennas demonstrate excellent
performance. However, when size reduction is applied (as the
case for parasitic L and wiggle antennas), antenna bandwidth
(impedance bandwidth and hence radiation bandwidth) and
radiation efficiency decrease due to coupling between elements
and the introduction of vias. This causes the radiated power to
decrease rapidly therefore affecting efficiency due to additional
loading impedance.
B. Wearable Antennas Analysis
The effect of human body lossy tissue presence on the
antenna performance and the dependent of the antenna char-
acteristics on distance and location from and on the body are
analysed and numerically investigated. Antenna return loss,
0
E
3
Frequerncy(GHz)
Fig. 2. Return loss of the proposed antennas, demonstrating excellent
performance a cross the ISM band.
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Figure 6.2 Appendix A. Inverted L
Designed antenna in CST Microwave StudioTM: 
Figure 6.3 Appendix A. Inverted L on CST
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Simulated results of Reflection Coefficient (parameter S11 in dB):
Figure 6.4 Appendix A. Simulated reflection coefficient of Inverted L
2- Printed Circular Loop, operating in frequency range between 1.2 and 3 GHz.
Design gathered from the paper:
(c) Printed Circular Loop
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Figure 6.5 Appendix A. Printed Circular Loop
Designed antenna in CST Microwave StudioTM:
Figure 6.6 Appendix A. Printed Circular Loop on CST
3- Printed Monopole, operating in frequency range between 1.2 and 3 GHz.
Design gathered from the paper:
005D a
43-m
70mm
(b) Printed MonopoleFigure 6.7 Appendix A. Printed Monopole
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Designed antenna in CST Microwave StudioTM:
Figure 6.8 Appendix A. Printed Monopole on CST
Simulated results of Reflection Coefficient (parameter S11 in dB):
Figure 6.9 Appendix A. Simulated reflection coefficient of Printed Monopole
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4- Rectangular slot antenna, operating in frequency range between 1 and 12 GHz.
Design gathered from the paper:
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Figure 6.10 Appendix A. Rectangular Slot Antenna
Designed antenna in CST Microwave StudioTM:
Figure 6.11 Appendix A. Rectangular Slot Antenna on CST
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Expected results:
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Figure 6.12 Appendix A. Reflection Coefficient from the paper
Simulated results of Reflection Coefficient (parameter S11 in dB):
Figure 6.13 Appendix A. Simulated reflection coefficient of Rectangular Slot Antenna
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5- Ring antenna, operating in frequency range between 4.5 and 6.5 GHz.
Design gathered from the paper:
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Figure 6.14 Appendix A. Ring Antenna
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Designed antenna in CST Microwave StudioTM:
Figure 6.15 Appendix A. Ring Antenna on CST
Expected results:
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Figure 6.16. Reflection Coefficient from the paper
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Reflection coefficient: Simulated results of reflection coefficient (parameter S11 in dB):
Figure 6.17 Appendix A. Simulated reflection coefficient of Ring Antenna
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Appendix B
· UWB antenna designs with CST Microwave StudioTM.
1- Tricorn antenna. [9]
2- Small planar antenna. [12] 
3- Y antenna. [12]
4- Double sided Y-shaped printed antenna. [17]
5- CPW-fed flexible monopole antenna. [15]
6- Curvature CPW-fed flexible monopole antenna on Liquid Crystal Polymer (LCP) 
substrate. [16]
7- CPW-fed flexible monopole antenna with Band-notch Function for UWB systems. 
[21]
For each design, several modifications were made, as follow:
1. the ground plane size, 
2. the width of the transmission line, 
3. the size of the radiation element, 
4. adding slots and modifying its size, shape and position of these slots, etc. 
The new resulting designs were not fabricated because the changes applicated on them 
did not represent significant improvements.
1- Tricorn antenna.
Design gathered from the paper:
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!Figure 7.1 Appendix B. Y antenna
Designed antenna in CST Microwave StudioTM:
!
Figure 7.2 Appendix B. Tricorn antenna on CST
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Expected results:
Figure 7.3 Appendix B. Reflection Coefficient from the paper
Simulated results of Reflection Coefficient (parameter S11 in dB):!
Figure 7.4 Appendix B. Simulated reflection coefficient of Tricorn antenna
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2- Small planar antenna
Design gathered from the paper: !
Figure 7.5 Appendix B. Small planar antenna
Designed antenna in CST Microwave StudioTM:!
  
Figure 7.6 Appendix B. Small planar antenna on CST
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Expected results:
Figure 7.7 Appendix B. Reflection Coefficient from the paper
Simulated results of Reflection Coefficient (parameter S11 in dB):!
Figure 7.8 Appendix B. Simulated reflection coefficient of Small planar antenna
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3- Y antenna
Design gathered from the paper: !
Figure 7.9 Appendix B. Y antenna
Designed antenna in CST Microwave StudioTM:!
Figure 7.10 Appendix B. Y antenna on CST
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Expected results:
!
Figure 7.11 Appendix B. Reflection Coefficient from the paper
Simulated results of Reflection Coefficient (parameter S11 in dB):!
Figure 7.12 Appendix B. Simulated reflection coefficient of Y antenna
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4- Double sided Y-printed shaped antenna
Design gathered from the paper: !
Figure 7.13 Appendix B. Double sided Y-printed shaped antenna
Designed antenna in CST Microwave StudioTM:!
Figure 7.14 Appendix B. Both sides of Double sided Y-printed shaped antenna on CST
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Expected results:
!
Figure 7.15 Appendix B. Reflection Coefficient from the paper
Simulated results of Reflection Coefficient (parameter S11 in dB):!
Figure 7.16 Appendix B. Simulated reflection coefficient of Double sided Y-printed shaped antenna
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5- CPW-fed flexible monopole antenna
Design gathered from the paper: !
!
Figure 7.17 Appendix B. Configuration of the proposed antenna
Designed antenna in CST Microwave StudioTM:!
Figure 7.18 Appendix B. CPW-fed flexible monopole antenna on CST
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Expected results:
!
Figure 7.19 Appendix B. Reflection Coefficient from the paper
Simulated results of Reflection Coefficient (parameter S11 in dB):!
Figure 7.20 Appendix B. Simulated reflection coefficient from CPW-fed flexible monopole antenna
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6- Curvature CPW-fed flexible monopole antenna on Liquid Crystal Polymer (LCP) 
substrate
Design gathered from the paper: !
Figure 7.21 Appendix B. Curvature CPW-fed flexible monopole antenna
Designed antenna in CST Microwave StudioTM:!
Figure 7.22 Appendix B. Curvature CPW-fed flexible monopole antenna on CST
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Expected results:
!
Figure 7.23 Appendix B. Reflection Coefficient 
Simulated results of Reflection Coefficient (parameter S11 in dB):!
Figure 7.24 Appendix B. Simulated reflection coefficient of Curvature CPW-fed flexible monopole 
antenna
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7- CPW-fed flexible monopole antenna with Band-notch Function for UWB systems
Design gathered from the paper: !
Figure 7.25 Appendix B. Configuration of the proposed antenna
Designed antenna in CST Microwave StudioTM:!
Figure 7.26 Appendix B. CPW-fed flexible monopole antenna with Band-notch Function for UWB 
systems on CST
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Expected results:
!
Figure 7.27 Appendix B. Reflection Coefficient from the paper
Simulated results of Reflection Coefficient (parameter S11 in dB):!
Figure 7.28 Appendix B. Simulated reflection coefficient of the CPW-fed flexible monopole antenna 
with Band-notch Function for UWB systems
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